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Abstract: The correct spatial distribution of proteins is vital for their function and often mis-

localization or ectopic expression leads to diseases. For more than a decade, the Human Protein
Atlas (HPA) has constituted a valuable tool for researchers studying protein localization and

expression in human tissues and cells. The centerpiece of the HPA is its unique antibody collection

for mapping the entire human proteome by immunohistochemistry and immunocytochemistry. By
these approaches, more than 10 million images showing protein expression patterns at a single-

cell level were generated and are publicly available at www.proteinatlas.org. The antibody-based

approach is combined with transcriptomics data for an overview of global expression profiles. The
present article comprehensively describes the HPA database functions and how users can utilize it

for their own research as well as discusses the future path of spatial proteomics.

Keywords: spatial proteomics; transcriptomics; antibodies; immunohistochemistry; immunofluores-

cence; single-cell; protein expression

Importance of Article

The article summarizes recent updates and current sta-

tus of the Human Protein Atlas, www.proteinatlas.org,

which is the largest and most comprehensive database

for spatial distribution of proteins in human tissues

and cells. An overview of the publicly available data-

base is provided, and its functions and potential impli-

cations for use as well as the future path of spatial

proteomics are discussed.

Introduction

Proteins are the essential building blocks of life, and

resolving the spatial distribution of all human

proteins on an organ, tissue, cellular, and sub-

cellular level will greatly increase our understand-

ing of human biology in health and disease. Ever

since the completion of the human genome sequence,

the ultimate goal has been to understand the

dynamic expression of the approximately 20,000

protein-coding genes and to generate a map of the

human proteome. Recent efforts include the Human

Proteome Map1 and the Proteomics DB2 based on

mass spectrometry of human tissues as well as the

initiative from the HUPO Human Proteome Project

(HPP), whose more stringent guidelines resulted in

a more accurate map.3 Part of the HPP initiative is

the Human Protein Atlas (HPA) project, focusing on

antibody-based proteomics and integrated omics.

An “atlas” is defined as a collection of maps or

charts that gives a comprehensive view on a certain

subject. Under this premise, the goal of the publicly
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available HPA is to reveal the spatial distribution

and expression of every human protein in different

human tissues, cancer types, and cell lines. This

approach allows looking at single proteins and lists

of proteins belonging to structures such as organs

and organelles, or categorizing proteins based on

expression level and tissue distribution, for example,

housekeeping proteins and tissue elevated proteins.

Several recent achievements are a first draft of a

tissue-based atlas,4 a sub-cellular atlas,5 and a

pathology atlas.6

The HPAwas initiated in 2003, and launched a first

version of the public database www.proteinatlas.org in

2005, containing protein expression data based on

approximately 700 antibodies.7 Since then, each new

release has included both more data and new website

functionalities, and major milestones consist of a

gene-centric database with information on all human

genes predicted by Ensembl8 and addition of tran-

scriptomics data based on high-throughput mRNA

sequencing.9 Both in-house generated antibodies and

commercial antibodies from different providers are

used for immunohistochemistry (IHC) and immunoflu-

orescence (IF). Version 17 contains >25,000 antibodies

that have passed rigorous quality tests for antigen

specificity and validation, leading to a collection of

more than 10 million IHC images and 82,000 high-

resolution IF images. Thereby, more than 86% of the

current 19,628 human protein-coding genes according

to Ensembl version 83.3810 are already targeted by at

least one antibody. Version 17 of the HPA is divided

into three sub-atlases (Fig. 1): the Tissue Atlas

describing expression and localization of proteins

across 40 non-diseased human organs using RNA-Seq

and IHC on tissue microarrays (TMAs); the Pathology

Atlas, containing RNA and protein expression data for

the 17 major types of human cancer; and the Cell

Atlas describing the sub-cellular locations of proteins

to organelles with IF images in 22 cell lines and cell

line-specific gene expression across 56 different cell

lines. The different sub-atlases are interconnected and

complement each other. This enables the user to

explore a protein’s tissue and organ distribution, sub-

cellular localization, and relation to cancer by toggling

between the different sub-atlases. The HPA provides

an important resource for both basic and clinical

research, and in the present article, the different parts

and functions of the publicly available HPA webpage

and primary data are presented and discussed.

Antibody Validation

The experimentally determined protein locations in

the HPA are only as good as its main reagent, the

antibodies. Antibodies require high sensitivity and

specificity to achieve reliable data, thus providing

the best estimate of protein expression across tissues

and cells. Consequently, antibody validation is a cru-

cial part of the HPA. All antibodies produced within

the HPA project have to pass quality assurance

steps before being used in IHC and IF.11 First, plas-

mid inserts are sequenced to assure that the correct

protein epitope signature tag (PrEST) sequence is

cloned. Second, the size of the resulting recombinant

protein (including the specific PrEST) is thereafter

analyzed using mass spectrometry to assure that the

correct antigen has been produced and purified.

Third, to control for cross-reactivity, affinity purified

antibodies are tested for sensitivity and specificity

on protein arrays consisting of glass slides with spot-

ted PrEST fragments. HPA antibodies that meet

these three criteria have to pass at least one addi-

tional assay before they are published on the Atlas.

All of them as well as commercially available anti-

bodies are tested by Western blot analysis of protein

lysates from a limited number of tissues and cell

lines. Images generated using IHC and IF are criti-

cally evaluated and compared with available experi-

mental gene/protein characterization data.

Antibodies that pass these standard validation

methods are subsequently formally validated based

on the recommendations of the International Work-

ing Group for Antibody Validation committee,12 sug-

gesting different “pillars” as standard for antibody

validation. These pillars consist of genetic methods

(e.g., siRNA knockdown), independent antibodies

targeting different epitopes of the same antigen,

orthogonal strategies comparing differentially

expressed proteins (e.g., tissues with low and high

expression) using an antibody-independent method, or

expression of a fluorescent protein-tagged protein. The

methods are described in detail on the HPA webpage

(www.proteinatlas.org/about/antibody1validation)

and related assays can be found on the respective gene

page. Based on how the antibody performs in different

validation assays, all annotations are scored for

their reliability at a four-tiered scale: “validated”,

“supported”, “approved”, and “uncertain”. The current

counts for the four categories based on the 16,990

genes with at least one available antibody in the HPA

are 1548 validated (9.1%), 6012 supported (35.8%),

6927 approved (40.8%), and 779 uncertain (14.7%)

genes. For genes where the reliability score differs

between the Tissue Atlas and Cell Atlas, the score with

highest reliability is considered in the counts. In the

categories “approved” and “uncertain”, the number of

false annotation or off-target binding is naturally

higher, but the effect on global proteomic analyses is

small.5 Nevertheless, the user can filter for the reli-

ability in the search field and download data only from

genes with a certain reliability score. The number of

genes with validated and supported antibodies will

increase in upcoming releases of the HPA.

How to Get Started
In all three sub-atlases, each gene has its own sum-

mary page, which can be accessed in two different
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ways (Fig. 2). The most straightforward way is the

search function [Fig. 2(A)], which can be used for

free text searches such as gene name, gene syno-

nyms, gene descriptions or external gene and pro-

tein identifiers (UniProt, Ensembl, NCBI Entrez

Gene) as well as for searches based on protein clas-

ses, Gene Ontology identifiers and descriptions,

antibody identifiers and image annotations. For

more complex queries, the “Fields” function allows a

specific search for a list of genes that match selected

characteristics. For example, the search can be for a

certain protein class, such as, enzymes and recep-

tors, predicted secreted proteins, or potential drug

targets; or the search can be within the primary

Figure 1. Schematic overview of the HPA. The HPA analyzes the human genome on different levels: in organs, tissues, cells,

and organelles. Organs and tissues are stained using IHC, providing the basis for the Tissue Atlas and Pathology Atlas, while

cells and organelles are analyzed with IF in the Cell Atlas. The proteomic analysis is combined with RNA-Seq on the organ,

tissue, and cellular level, and all data is freely accessible on the HPA web portal, www.proteinatlas.org.
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data generated in the HPA about protein expression,

or antibody validation in different assays. It is not

only possible to include (or exclude) proteins local-

ized to a certain tissue or organelle, but to refine the

search by combining several criteria such as adding

cell cycle dependent sub-cellular expression and

RNA expression. A search performed via free text or

“Fields” generates a gene-centric list of results,

which can be organized in a comprehensive manner

dependent on information of interest by using the

“Show/hide columns” function. A gene page is

accessed by clicking on a gene of interest, and the

different sub-atlases are reached through the corre-

sponding thumbnail images [Fig. 2(B)].

The second way to get to a gene page is through

landing pages [Fig. 2(C)], which are interactive

knowledge chapters discussing the proteome of a

single compartment, such as a single tissue or

organelle. They contain a brief description of the tis-

sue/organelle, summarize the HPA data, and present

example images of the different cell types and mor-

phologies. In addition, network plots show how the

tissue/organelle is connected with other tissues/

organelles by proteins with a similar expression or

multilocalization. A key feature of the landing pages

is their interactivity. Every image, number, or plot is

a clickable and leads either directly to a list of

genes, a gene summary page, or a specific tissue or

cell image. More information on the landing pages

in the different sub-atlases is described below.

Tissue Atlas
The major Tissue Atlas release in 2014 included

addition of RNA-Seq data, with each gene page on

the Tissue Atlas containing a comprehensive sum-

mary of expression both on the mRNA and protein

level.4 The protein expression data, currently cover-

ing 15,297 (78%) of the protein-coding genes, is

derived from antibody-based protein profiling using

IHC on TMAs. Altogether 76 different cell types,

corresponding to 44 non-diseased human tissue

types covering all major parts of the human body,

have been analyzed manually and the data is pre-

sented as histology-based annotation of protein

expression levels. In addition to the standard setup,

extended tissue profiling is performed for selected

proteins, to give a more complete overview of where

the protein is expressed. Extended tissue samples

include mouse brain, human lactating breast, eye,

and additional samples of adrenal gland, skin and

brain. The current version contains 3452 such

images, and upcoming versions will include both

more genes and more types of organs with extended

tissue profiling.

Figure 3 summarizes the layout of a Tissue

Atlas gene page, exemplified by the gene CCNB1.

On top of the gene page [Fig. 3(A)], three boxes are

found. “General information” summarizes gene

information from Ensembl, protein class, predicted

localization and number of transcripts. By clicking

on “Show more”, Entrez information and more exter-

nal links to available gene identifiers are provided.

Each heading with an “i”-sign is clickable with a

short description of the content. “HPA information”

provides a summary of RNA tissue category based

on both internally generated RNA-Seq data (HPA),

as well as two external RNA expression datasets;

RNA-Seq data from the Genotype-Tissue Expression

(GTEx) consortium13 and CAGE data from the

FANTOM5 consortium.14 The RNA tissue categories

group all human protein-coding genes based on pat-

tern of expression, including expressed in all, tissue

enriched, group enriched, tissue enhanced, mixed or

not detected, as described previously in.9 RNA tissue

categories are calculated separately for the three dif-

ferent RNA expression datasets, including 37 tissues

from HPA, 31 tissues from GTEx, and 35 tissues

from FANTOM5, altogether covering 40 of the 44

tissues analyzed with IHC. Other information pro-

vided in the “HPA information” box includes

“Protein evidence” generated from several indepen-

dent sources. “Protein expression” is a short sum-

mary of the overall protein expression profile in

non-diseased tissues, including sub-cellular localiza-

tion and tissue distribution. In the “Data reliability”

box, the “Data reliability description” summarizes

the knowledge-based interpretation of the primary

data, while “Reliability score” shows a 4-tiered reli-

ability score (see more under Antibody validation

section) and ID:s of the antibodies used in the assay.

Clicking on “Show more” leads into the “Antibody

validation” page with detailed information on all

antibody validation assays.

Below the three information boxes, the “RNA

and protein expression summary” is shown [Fig.

3(B)], providing an overview of data generated in

the HPA project. The analyzed tissues are divided

into 13 different groups according to common func-

tional features, and each group is clickable for

access to lists of included tissues. On the right panel

of the “RNA and protein expression summary”,

images of selected tissues give a visual summary of

the protein expression. Below are separate panels

showing tissue specific expression in all analyzed

tissues both on the protein level (“Protein expression

overview”) and the RNA level (“RNA expression

overview”) in the three different RNA expression

datasets [Fig. 3(C)]. Clicking on a tissue name or

bar provides access to the detailed data page.

The detailed data page (Fig. 4) is unique for

each analyzed tissue and shows images of the

stained tissue samples, together with expression

level of the analyzed cell types. As here exemplified

by testis, three images each for the three different

antibodies used in the assay are displayed, with

protein expression summarized as highly expressed
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in a subset of cells in seminiferous ducts and not

detected in Leydig cells [Fig. 4(A)]. All images are

clickable for an enlarged high-resolution view,

allowing for visual examination of the protein

expression in the context of neighboring cells [Fig.

4(B)]. Below, details on the RNA expression data is

shown [Fig. 4(C)], with data on expression in each

of the analyzed individuals of the three different

RNA expression datasets (HPA, GTEx and FAN-

TOM5). For the samples analyzed in the HPA data-

set, a hematoxylin and eosin stained image from a

consecutive section of the tissue material used for

RNA-Seq is provided, including estimated fractions

of the cell types present in the sample. This gives

the user a possibility to evaluate and further

understand the RNA expression data, which is

based on a mixture of different cell types, and

compare the information with cell-type specific pro-

tein expression profiles.

Numerous comprehensive landing pages on the

HPA (www.proteinatlas.org/humanproteome) describe

the proteome and transcriptome of each organ, as well

as sub-proteomes corresponding to particular func-

tional groups of genes, as summarized previously4,15

[Fig. 2(C)]. The tissue and organ proteome landing

pages, such as the lung-specific proteome,16 the liver-

specific proteome,17 the testis-specific proteome,18 etc.

include catalogs of proteins expressed in a tissue-

restricted manner, based on HPA RNA-Seq data. Such

proteins are believed to play an important role in the

organ physiology and provide the basis for organ-

specific research in health and disease. Each landing

page contains complete lists of expression of all genes

in a certain organ, clickable with direct links to search

Figure 2. Overview of different search strategies in the HPA. (A) Using the search fields allows for combining different criteria

to a refined search for a particular group of proteins. (B) A search results in a list of genes meeting the criteria, with links to pri-

mary data in the different sub-atlases. (C) Landing pages in the Tissue Atlas (top) and the Cell Atlas (bottom) contain numerous

clickable charts, figures, images, and tables that allow for further investigation of certain proteins of interest.
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results or Tissue Atlas gene summary pages, where

proteins of interest can be explored further. Network

plots show group enriched genes, highlighting genes

that are simultaneously elevated in a group of 2–7 tis-

sues, compared to all other analyzed tissues. The plots

aid in finding common features between different

organs, and further elucidating the function of group

enriched genes.

Other landing pages found in the Tissue Atlas

are the sub-proteomes that summarize certain func-

tional groups of genes. Such proteomes include “the

druggable proteome”, “the secretome and membrane

proteome”, “the cancer proteome”, “the regulatory

proteome”, and “the isoform proteome”, as described

previously in Uhl�en et al.4 All sub-proteome landing

pages summarize general knowledge about each pro-

teome, provide immunohistochemical examples and

contain numerous clickable lists with access to Tis-

sue Atlas primary data.

Pathology Atlas
The previous Cancer Atlas contained protein expres-

sion data for the 20 most common types of cancer

stained with IHC on TMAs using the same workflow

as for the Tissue Atlas. In version 17 of the HPA,

the Cancer Atlas changed its name to Pathology

Atlas together with a major re-design and release of

new data, showing the association of all human

genes with clinical outcome.6 In the Pathology Atlas,

a systems level approach was used to analyze the

human genome with respect to clinical outcome

based on genome-wide expression data from the

Cancer Genome Atlas.19 RNA-Seq data and clinical

metadata from 8,000 individual patients correspond-

ing to 17 of the 20 major cancer types included in

the HPA were used for determining the correlation

between RNA expression levels and overall survival

time for each gene in each cancer type. More than

500,000 Kaplan-Meier plots allow for unbiased iden-

tification of prognostic genes. Via search fields and

Pathology Atlas landing pages, lists of prognostic

genes with a high significance (P< 0.001) are

highlighted. The prognostic genes are further

divided into favorable genes, where high RNA

expression correlates with longer survival time, and

unfavorable genes, where high RNA expression cor-

relates with shorter survival times. The RNA-Seq

data are also used for categorization of all genes in

the same manner as in the Tissue Atlas, allowing

for identification of genes elevated in a certain can-

cer type compared to other cancers. An overview of

a gene summary page in the Pathology Atlas is

Figure 3. Overview of a gene page in the Tissue Atlas. (A) On top of the page, general gene/protein information as well as

the HPA data are summarized. (B) Summary of RNA and protein expression in 13 different groups of tissues, including exam-

ples of IHC stained tissues. (C) The plots depict protein expression levels in 44 non-diseased tissues, as well as RNA

expression levels from three different sources: the HPA (37 tissues), the GTEx consortium (31 tissues), and FANTOM5 (35

tissues).
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shown in Figure 5, exemplified by CCNB1. For

genes where a significant prognostic association is

found, Kaplan-Meier plots for the cancer types

where the gene is prognostic are shown in the

“Prognostic summary” section [Fig. 5(A)]. Below,

RNA expression levels across the 17 cancer types

[Fig. 5(B)] are summarized. In the “Protein

expression” section, examples of IHC stained cancer

tissues are shown, and a summary of protein expres-

sion levels across different cancer types analyzed

with IHC is provided [Fig. 5(C)]. The IHC analysis

of cancer tissues is performed on up to 12 individu-

als each from the 17 cancer types analyzed with

RNA-Seq, as well as three additional cancer types;

however, the individual samples are not linked

between the RNA-Seq and IHC analyses. Every can-

cer tissue has a detailed data page providing access

to survival analysis data and RNA expression levels

for each patient [Fig. 5(D)], as well as clickable

high-resolution IHC images of cancer tissues, up to

12 individuals per cancer type [Fig. 5(E)].

Pathology Atlas landing pages are presented for

each cancer type, providing a comprehensive over-

view of the genomic and proteomic landscape of each

type of cancer, allowing access to cancer tissue ele-

vated genes and prognostic genes.

Cell Atlas

The first version of the Cell Atlas was released in

200720 and the major update in 2016 significantly

increased the number of analyzed proteins as well

as its functionality.5 The Cell Atlas contains spatial

distribution of 12,003 proteins (61% of the human

proteome) based on high-resolution IF images. The

proteins are mapped to 32 sub-cellular structures,

which led to the description of 13 major organelle

proteomes. An intriguing finding was the large num-

ber of multilocalizing proteins. More than half of the

Figure 4. Examples of a detailed tissue page in the Tissue Atlas. (A) On top of the page, a summary of protein and RNA

expression levels in a particular tissue (here: testis) is shown. Below are annotated protein expression levels in the different cell

types, as well as the primary antibody staining data for different antibodies, including three TMA cores per tissue and antibody.

(B) Clicking on an image opens up an enlarged view that can be used like virtual microscope. (C) The samples used for analysis

of RNA expression from three different datasets (HPA, GTEx, and FANTOM5) are shown, as well as individual values for each

sample in the particular tissue.
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analyzed proteins (51.3%, 6163 proteins) were

detected in multiple compartments. Main and addi-

tional locations of multilocalizing proteins were

annotated depending on the signal intensity and

appearance in different cell lines. The high-

resolution of the IF images allows to detect varia-

tions in the signal between single cells. These cell-

to-cell variations can either be in the signal strength

indicating different protein abundances in different

cells; or the protein localization varies between cells.

In total 1855 (15%) of the proteins in the Cell Atlas

show these single-cell variations (SCVs), many of

which are linked to the cellular progression through

the cell cycle. Two different approaches were used to

find a cell cycle dependency in protein expression:

First, selected proteins were stained in the U-2 OS

FUCCI cell line (Fluorescence Ubiquitination Cell

Cycle Indicator21) that allows monitoring the cell

cycle by expressing two differently colored

fluorescent-tagged proteins depending on the posi-

tion during the cell cycle. The expression of 189 pro-

teins (including CCNB1) was determined by this

approach. The second approach was an innovative

computational model resolving the cell cycle position

based on the features of the microtubules and

nucleus, which was integrated for 20 genes, for

example ANLN.

The layout of the gene page in the Cell Atlas

resembles the page in the Tissue Atlas and Pathol-

ogy Atlas as illustrated in Figure 6 with the CCNB1

gene as example. Most notable is the schematic cell

[Fig. 6(A)] highlighting the protein’s sub-cellular

location. The box with the “HPA information” sum-

marizes the experimentally generated data. This

includes RNA expression category based on TPM

values in cell lines (calculated in the same manner

as the RNA tissue categories), protein evidence,

main/additional locations, and single-cell variations.

Additional assays and custom data can expand the

list. In the case of CCNB1, these assays include

expression data during the cell cycle based on the

FUCCI cell line, expression in mouse cells, and anti-

body validation by siRNA-mediated knockdown22

and co-expression with a GFP-tagged protein

Figure 5. Overview of a gene page in the Pathology Atlas. (A) On top of the page, general gene/protein information as well as

the HPA data are summarized. Below, Kaplan-Meier plots are shown for cancer types showing a significant prognostic associa-

tion (here: renal, liver and lung cancer). (B) Box plots summarize the RNA expression levels across 17 different cancer types.

(C) The protein expression section displays examples of IHC stained cancer tissues and the blue bars summarize cancer tissue

staining pattern as well as protein expression of the corresponding non-diseased tissue. (D) The detailed page shows survival

analysis in a particular cancer type (here: renal cancer), as well as individual RNA expression values for each sample. (E)

Primary antibody staining data for different antibodies are displayed. Clicking on an image opens up an enlarged view that can

be used like virtual microscope.
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version.23,24 Custom data are one of the new addi-

tions to the Cell Atlas. They are connected to affili-

ated research projects and provide additional

information outside the normal Cell Atlas data. Cur-

rently, there are 14 different assays providing cus-

tom data. Prominent assays are the staining of

proteins in the FUCCI cell line for SCVs, or co-

localization studies with markers for peroxisomes,

lysosomes, or endosomes to refine the “vesicle” anno-

tation, or with the cis-Golgi marker for more precise

intraorganellar localizations (Fig 7).

Further down on the gene page [Fig. 6(B)] RNA

expression in 56 analyzed cell lines is shown,

divided into 12 color-coded groups according to the

organ where they were obtained. Similar to the Tis-

sue Atlas expression tables, the cell line RNA

expression table is sortable by different categories.

Hovering over a cell line displays the results of the

RNA-Seq and detailed information about the cell

line. This transcriptomic data serve as a powerful

tool for cell line selection for studying a protein or

pathway of interest.

Next, the “Human Cell” section represents the

core element of the Cell Atlas [Fig. 6(C)]. Here,

high-resolution IF images show the sub-cellular

localization of proteins in different cell lines. The

used cell lines were selected from a panel of 22 lines

based on RNA expression level, but always including

U-2 OS as reference. The optimized main protocol

for IF staining contained a fixation step with para-

formaldehyde, and cells were imaged manually or

automatically on a confocal laser scanning micro-

scope.25 The images consist of four channels (protein

of interest and marker for nucleus, microtubules,

and ER), which can be toggled on and off. In addi-

tion, there are channels for signal intensity and

objects that show the cell area and reveal the cell

cycle position if applicable. Three images can be

compared at the same time. Clicking on the check-

box or a drag and drop of the thumbnail on the large

image will select the image. All images are also

clickable for an enlarged view [Fig. 6(D)].

The landing pages in the Cell Atlas (www.protei

natlas.org/humancell) are interactive pages serving as

starting point to explore the human cellular and

organellar proteomes and provide background infor-

mation and analyses of the data in the Cell Atlas [Fig.

2(C)]. The landing pages of the 13 organellar pro-

teomes summarize the findings in the Cell Atlas for

each organelle and depict images for different mor-

phologies and sub-structures of the respective organ-

elle. Intriguing sections on the landing pages are the

network plots showing proteins localizing to multiple

organelles, highlighting combinations significantly

overrepresented or underrepresented compared to the

probability of observing that combination based on the

frequency of each annotation and a hypergeometric

test (P� 0.05).

Figure 6. Overview of a gene page in the Cell Atlas. (A) On top of the page, general gene/protein information as well as the

HPA data are summarized. A schematic cell on the right highlights the sub-cellular localization in green (here: cytosol). Miniature

images show the different assays that were performed for this particular protein. (B) The plot depicts RNA expression levels in

56 analyzed cell lines. (C) Three high-resolution IF images using different antibodies and cell lines can be selected and com-

pared by clicking on the checkbox or by drag and drop. Single-cell variations in gene expression are indicated and specified

for variation in expression level (intensity) or spatial changes. (D) Clicking on an image opens up an enlarged view that can be

used like a virtual microscope.
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Four landing pages have a more general character

or comprise proteins with certain characteristics to a

new proteome. The “cell line transcriptome” page

describes the diversity of the 56 cell lines in the Cell

Atlas based on RNA-Seq data. The “organelle

proteome” landing page is a summary of all organelle

and sub-structure proteomes that are described within

the Cell Atlas and puts them in a global context. The

organelles are also merged to three color-coded meta-

compartments: Nucleus (blue), Cytoplasm (green), and

Secretory Pathway (red). Since the majority of pro-

teins are detected in two or more organelles, a landing

page is dedicated to this “multilocalizing proteome”. It

provides information about multilocalizing proteins

and has more detailed analyses than the respective

organelle landing page. The “cell cycle dependent

proteome” has its focus on proteins whose SCV are

related to the progression in the cell cycle. It has a

section about general cell-to-cell variations observed

across the organelles as well as describes the two

approaches how a cell cycle dependency is measured

in the Cell Atlas.

Download Function

Data listed on the Search page with genes corre-

sponding to the current search result can be down-

loaded in different formats, including XML, RDF,

and TAB. The HPA also provides different download-

able files with the complete primary protein data

from the Tissue, Pathology and Cell Atlas, as well as

RNA expression levels in tissues and cells. All down-

loadable files are found on www.proteinatlas.org/

about/download. The downloadable data allows for

large-scale bioinformatics analyses using the HPA

data as reference datasets. Upcoming releases of

HPA will include both new data and more versatile

download functions, as well as more advanced

search functionalities

Outlook of the HPA
The HPA represents the largest and most compre-

hensive database for spatial distribution of proteins

in tissues and cells, providing an invaluable resource

for exploration of expression patterns at a single-cell

resolution. The overall aim is to generate a spatial

map of all human protein-coding genes, and inte-

grate the spatial information with other genomic

and proteomic strategies for complete understanding

of the biology, molecular repertoire, and architecture

of every human cell. In the Tissue and Pathology

Atlas, proteins are mapped to various cell types in

the context of neighboring cells, allowing for explo-

ration of cell type-specific expression patterns, dif-

ferences in expression between organs, as well as

identification of proteins up or down-regulated in

corresponding cancer tissues. The new Pathology

Atlas data with information on how all human genes

are related to patient survival opens up for identifi-

cation of potential biomarkers that allow for pursu-

ing better diagnostic schemes and designing

personalized cancer treatment regimes. The major

goal of the Cell Atlas is to map the sub-cellular dis-

tribution of all human proteins over the course of a

cell cycle in a canonical human cell.

The overall coverage of protein data in the HPA

is 86% of all human protein-coding genes. In most

cases, antibodies are available for the non-described

proteins, but the currently available samples do not

express the proteins. The way to solve this issue is

the addition of new tissues, new cell lines including

primary cells and induced pluripotent stem cells, or

looking at early developmental stages. Moreover,

Figure 7. Examples of custom data in the Cell Atlas. (A) IF

staining in the U-2 OS FUCCI cell lines expressing Cdt1 (red)

in G1 phase and Geminin (green) in S and G2 phases (left

panel) reveals that CCNB1 expression peaks during S/G2

phase (right panel). Co-localization studies using IF help to

distinguish organelles comprised by the vesicle annotation or

provide information about intraorganellar distribution. A yel-

low color indicates co-localization revealing a localization of

(B) ANKFY1 to endosomes (organelle marker EEA1), (C)

TMEM192 to lysosomes (marker LAMP1), and (D) PEX14 to

peroxisomes (marker ABCD3). (E) The Golgi apparatus is

divided into several compartments. The Golgi-associated

protein ZFPL1 is only found in the cis-Golgi compartment, as

it co-localizes with the marker cis-Golgi protein GOLGA2.

Scale bar 20 mm in (A) and 10 mm in (B–E).
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both IHC scoring parameters and sub-cellular locali-

zation classifications will be refined to add more

cells types, more organelles, and provide intra-

organellar locations. Finally, extended antibody vali-

dation strategies applying the aforementioned

approaches will contribute to increase the reliability

and so the overall quality of the HPA primary data.

In summary, the HPA significantly contributes

to a deeper understanding of how proteins form

organelles, cells, tissues, and organs and constitutes

a tremendous resource for both basic and clinical

research.

Availability

The HPA is freely accessible at www.proteinatlas.org

and licensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 Inter-

national License. Data and functionalities are

updated annually.
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